The adsorption behavior of pharmaceuticals and personal care product, Bisphenol-A (BPA), according to four coal-based and four wood-based granular activated carbons modified using outgassing treatment, acidic treatment or alkaline treatment was studied. The adsorption isotherm results indicated that carbon surface acidity played a very important role in the adsorption of BPA. It was found that increasing surface acidity would increase the hydrogen bonding effects and increase adsorption of BPA on activated carbon. The acidic modified sample (F600-A and OLC-A) represented the best adsorption capacity, and the equilibrium adsorption amounts reached 346.42 and 338.55 mg/g, respectively. Further, effects of surface charge and surface basicity were examined. It was found that the adsorbed amount of BPA decreased with the increase of surface charge. Finally, there appeared to be a significant oligomerization phenomenon with BPA molecules onto the surface of activated carbon. OLC and OLC-OG, which have higher micropore percentages, are very effective in hampering the oligomerization of BPA under oxic conditions.
INTRODUCTION
Pharmaceuticals and personal care products (PPCPs) are of scientific and public concern as newly recognized classes of environmental pollutants and have been receiving considerable attention with respect to their environmental fate and toxicological properties over the last decade (Clara et al. ; Cirja et al. ) . These trace organics can be found in most wastewater treatment plant (WWTP) influents. Therefore, it is essential to effectively remove these contaminants to protect the environment. However, numerous studies over the past few years have shown that many of these PPCPs can persist through WWTPs (Ternes et al. ; Vieno et al. ; Gómez et al. ; Spongberg & Witter ) . A considerable amount of these compounds has then been found in both sewage and effluent-impacted water bodies, including surface waters and groundwater (Barnes et The activated carbon method has been regarded as one of the most effective methods in removing inorganic and organic contaminants from aqueous environments. According to reports, activated carbon adsorption is very effective in removing natural organic matter, metal ion and synthetic organic matter (Chen & Lin ; Yan & Sorial ; Yan et al. ) . Therefore, the application of activated carbon in removing PPCPs has attracted much attention due to its chemical stability, suitability for large-scale production, variety of structural forms, and the ability to modify pore structures. In terms of PPCPs, several studies have evaluated the efficiency of activated carbons in removing certain types of PPCPs (Nakanishi et al. ; Asada et al. ; Choi et al. ; Tsai et al. ) . However, despite this tremendous knowledge base, very limited research has been carried out on the adsorption characteristics of PPCPs onto activated carbon. There are still research areas related to PPCPs in water and wastewater that warrant further investigation.
Generally the adsorption capacity of targeting contaminants is directly decided by physicochemical characteristics of activated carbon. In addition, the selective adsorption of activated carbon determined by its physicochemical characteristics is very important for realistic future utilization. Therefore, further study on the relationship between the adsorption of PPCP contaminants and the physicochemical properties of activated carbon is significantly important in order to investigate the mechanism of these organics' adsorption onto activated carbon. Among PPCPs, Bisphenol-A (BPA) is of particular interest, due to the fact that it is a widely produced substance and has many applications, including polymers, plastics and epoxy resins. In human babies, BPA can connect strongly to the estrogen receptor ERR-c and not allow natural estrogens (17b-estradiol) to connect to it (Erler & Novak ) . Therefore, BPA is selected as a model PPCP contaminant in this study. Meanwhile, the carbon literature is rich in methods on carbon synthesis and surface modification to prepare materials with proper physicochemical properties for a particular type of application. In this study, outgassing, acidic treatment and alkaline treatment were selected to product tailored activated carbons. In addition, studies of the adsorptive properties of activated carbon for organic matter have found that the presence of molecular oxygen leads to a significant increase in the adsorption capacity of activated carbon for organic matter due to an oligomerization phenomenon on the surface of the activated carbon. Therefore, further study of the oligomerization phenomenon of BPA on novel activated carbons is needed.
The objectives of this study were to (1) investigate the efficiency of tailored activated carbons in the removal of PPCPs, (2) identify the effect of carbon pore size distribution (PSD) and surface chemical characteristics on the adsorption of representative PPCPs, and (3) examine the oligomerization effects of BPA on tailored activated carbon. The information is significant for improving our understanding of developing activated carbon for PPCP adsorption.
MATERIALS AND METHODS

Adsorbents
Two types of commercial granular activated carbon (GAC), OLC Plus 12 × 30 and F600 (Calgon Corp), were used as starting materials in this study. OLC Plus 12 × 30 is a wood-based, high temperature steamed activated carbon. F600 is a bituminous-coal-based, steamed activated carbon. F600 and OLC Plus 12 × 30 are denoted as F600 and OLC, respectively. The GAC collected between #30 and #40 mesh sizes (420 μm< size <600 μm) was used for all experiments. The original carbon samples were washed by deionized (DI) water to an invariable pH value and desiccated at 105 W C for 24 h.
Tailoring of activated carbon samples
The original activated carbons F600 and OLC were further tailored by nitrogen outgassing and by alkaline and acidic treatments, respectively. Firstly, the original activated carbons F600 and OLC were further tailored by nitrogen outgassing treatment designated as F600-OG and OLC-OG, respectively. In the nitrogen outgassing treatment, the sample was heated in a tubular furnace for 4 h at 900 W C under nitrogen gas. Secondly, F600 and OLC were tailored by acid treatment designated as F600-A and OLC-A. In the acidic treatment, 10 g of activated carbon was added to 100 ml of a 12 mol/L hydrochloric acid (HCl) solution.
The mixture was heated in an 80 W C thermal bath for 2 h.
Thirdly, F600 and OLC were tailored by alkaline treatment designated as F600-Na and OLC-Na: 10 g of starting activated carbon was mixed with 100 ml of 1 mol/L NaOH solution for 24 h. All the tailored activated carbons were washed by DI water and dried in an oven at 105 W C overnight, and then stored in a desiccator until use.
Characterization of adsorbents
The surface areas and PSDs of activated carbon samples were measured by nitrogen adsorption using the Micromeritics Brunauer-Emmett-Teller (BET) analyzer model Tristar 3000 (Micromeritics). All samples were purged with nitrogen gas for 2 h at 150 W C using Flowprep060 (Micromeritics) prior to analysis. The surface area of samples was calculated from the BET equation. Micropore and mesopore size distributions were achieved with the T-plot method and the BJH theory, respectively. The total pore volume was determined from the total absorbed nitrogen volume near the saturation point (P/P 0 ¼ 0.99). In addition, to quantify the total surface functional groups of the carbon samples, total surface acidity and total surface basicity of all activated carbons were determined by a titration method. Amounts of 20 ml 0.05 N NaOH or 0.05 N HCl were added to 100 mg of carbon in several 25 ml vials. The bottles were sealed with a Teflon-lined cap and parafilm and allowed to equilibrate for 2 days in a tumbler at room temperature. Four vials without carbon were also prepared and served as blanks. At the end of the equilibration period, 10 ml of the solution was titrated with 0.05 N of either NaOH or HCl solution. The total acidity was calculated as the difference in the amount of acid required to titrate the blank to pH 4.5 and the amount of acid required to titrate the sample to the same end point. The total basicity was calculated as the difference in the amount of alkali required to titrate the blank to pH 11.5 and the amount of acid required to titrate the sample to the same end point. Finally, a batch equilibrium method was used for determining the pH of the point of zero charge (pH pzc ) of all adsorbents (Dastgheib et al. ; Yan et al. , ) . The carbon sample (100 mg) was contacted with 20 ml autoclaved deionized water with different initial pH values (2-11) in 25 ml vials. Initial pH value adjustment was accomplished by adding 0.5 N HCl or NaOH. Two blanks with no carbon were also prepared for each set. Sealed vials were put into a tumbler for 2 days at room temperature, and then the final pH of the solution was measured.
The pH pzc was determined as the pH of the water sample that did not change after contact with the samples.
Adsorption isotherms
BPA (99%þ purity) [C 15 H 16 O 2 ] was purchased from Aladdin Chemical Company. Constant-dose bottle-point isotherm adsorption experiments with initial concentrations of adsorbate (60 mg/L) were performed. Accurately weighed (±0.1 mg) masses of activated carbon were placed in each 125 ml glass-amber bottle, and then 100 ml of adsorbate solution was added in each 125 ml bottle and the head space purged by oxygen gas for a minute in order to ensure no oxygen limitation was attained during the adsorption isotherm equilibration time. Two blanks per set of bottles served as controls during the isotherm experiments. The sealed bottles were then placed in a rotary tumbler for 1 week at 25 ± 1 W C (Yan & Sorial ).
To investigate the oligomerization phenomenon of BPA, another adsorption condition was considered: anoxic (absence of molecular oxygen) isotherms. The anoxic condition was attained by purging the adsorbents with nitrogen for about 1 min, twice a day for 3 days; moreover, the isotherm solution prior to the addition of the adsorbate was also purged with nitrogen to expel any dissolved oxygen, and finally each isotherm bottle was completely filled with the adsorbate solution.
All adsorbate solutions were made with autoclaved DI water and buffered with 0.01 M KH 2 PO 4 and 10 M NaOH solution to pH 7.0. After equilibration, all samples were analyzed for adsorbate concentration using a UV-vis spectrophotometer (UV 7600, Jinghua, China) at a wavelength of 276 nm.
RESULTS AND DISCUSSION
Characterization of tailored activated carbons
To elucidate pore structure and surface chemistry effects on the adsorption of BPA from aqueous solution, the activated carbon samples were characterized and tested. Relevant physicochemical characteristics of these carbons are presented in Table 1 .
The results from the PSD measurements for the stated carbons are shown in Table 1 . The results illustrate that acidic treatment and alkaline treatment resulted in slight changes in the BET surface area. As shown in Table 1 , the employed acidic treatment and alkaline treatment techniques changed BET surface areas by less than 3% compared to the corresponding values of the original activated carbons. This finding is consistent with the previous studies (Chen & Wu ) . In contrast, outgassing heat The transformation of oxygen-containing groups could also be reflected in the changes of surface total acidity, surface total basicity and pH pzc that are shown in Table 1 . The outgassing treatment did obviously change the surface acidity and basicity of the two original carbons. It reduced about 60% of the surface acidity of F600 and almost completely decomposed the surface acidity of OLC. The results were mainly because outgassing treatment can significantly decrease the content of surface carboxyl and lactone groups by decomposing these functional groups into carbon dioxide and carbon monoxide. In addition, the outgassing process can produce a large amount of lone pair electrons and σ electron pairs on the graphite layer of the activated carbon. This can not only significantly increase the Lewis base but also lead to greater surface oxidation stability of the activated carbon. As observed in many previous studies, at elevated temperature most of the acidic oxygen-containing functional groups are unstable and are subsequently removed. Therefore, the removal of oxygen-containing functionalities rendered the adsorbents more basic (Barton et al. ; Chen & Wu ). It has been reported that at 1173 K the functional groups -COOH and -COO will diminish to zero while -C ¼ O and -C-OH are reduced to about 50% and 14%, respectively (Świą tkowski et al. ). As a result, the comprehensive effect will increase the pH pzc of activated carbon. The pH pzc values of the two original carbons changed to 9.25 and 10.68, respectively. Table 1 also shows the influence of acidic treatment and alkaline treatment on the chemical characteristics of activated carbons. It is apparent that on alkaline treatment of the conventional sample the basic content increased. It increased the total basicity from 0.375 meq/g and 0.850 meq/g for F600 and OLC to 0.417 meq/g and 0.861 meq/g for the tailored samples. Meanwhile, the pH pzc values of F600-Na and OLC-Na are higher than the original activated carbons, implying that the alkali treatment process decreased the oxygen-containing acidic functional groups but fixed some basic functional groups on the activated carbon. In addition, the pH pzc change of F600 is less obvious than OLC due to F600 possessing fewer functional groups.
In addition, it can be observed that the acidic content of F600-A and OLC-A is increased during the acidic treatment process. Moreover, the pH pzc of F600-A and OLC-A also apparently implies that the tailoring process can effectively modify the surface acidity of activated carbons. Meanwhile, the pH pzc values of F600-A and OLC-A are 7.21 and 7.48, which are significant smaller than F600 and OLC. This observation can be attributed to the acidic treatment increasing the content of phenolic hydroxyl and carboxylic functional groups on the activated carbons but decreasing the content of built-in groups (Bhatnagar et al. ) .
Effects of physicochemical characteristics of activated carbon on BPA adsorption isotherms
The adsorption isotherms of BPA on F600 tailored activated carbon and OLC tailored activated carbon are shown in Figures 1 and 2 , respectively. The classical Freundlich isotherm equation, which has been used in many adsorption studies reported in the literature, was selected to model adsorption data for BPA. The model was given in the following equation:
where q e is the amount adsorbed at equilibrium, C e is the equilibrium solution phase concentration, K is the Freundlich parameter for a heterogeneous adsorbent, and the exponential term n, is related to the magnitude of the adsorption driving force and to the adsorbent site energy distribution. The isotherm parameters are given in Table 2 . The parameters showed that the isotherm data can be well fitted by the Freundlich model. A comparison of the adsorptive capacity of BPA on the adsorbents studied at an equilibrium concentration of 50 mg/L is shown in Table 3 .
The adsorption system in this study is a buffered solution (pH 7.0) in which the BPA exists as molecules. Therefore, the electric attraction force has no influence on the adsorption of molecular BPA. Meanwhile, the maximum distance between two hydroxyl functional groups within molecular BPA is 0.94 nm which is less than the micropore size (<2 nm). Therefore, it seems that adsorption of BPA should benefit from applying activated carbon with a porosity that is mostly distributed as microporosity (0-2 nm). The activated carbon with various physicochemical characteristics can display significantly different adsorption behavior in BPA removal. Table 3 , the adsorptive capacity of BPA onto F600 and OLC is 212.31 mg/g and 231.71 mg/g, respectively. The OLC has better adsorption capacity due to its higher BET surface area and microporosity (see Table 1 ). The BET surface can directly decide the adsorption sites available for BPA molecules. From Figures 1 and 2 and Table 2 , it is also noted that the adsorption capacity for BPA onto activated carbon increases as the pH pzc value decreases. This can be attributed to the density of surface electrostatic charge being smaller with pH pzc values closer to the adsorption system pH 7.0. And it can lead to more obvious π-π dispersion effects.
As shown in
As shown in Figures 1 and 2 , F600-OG and OLC-OG tailored by the outgassing method have significantly higher adsorption capacity for BPA. The adsorption capacity for BPA onto F600-OG and OLC-OG can reach 318.09 mg/g and 312.27 mg/g, respectively. As seen in Table 1 , the BET surface change of two adsorbents after outgassing is less than 10%. Therefore, the adsorption capacity increase can be attributed to the revision of surface chemical characteristics. Although the outgassing can significantly decrease the total acidity of F600 and OLC, which can weaken the hydrogen bonding effect between water molecules and activated carbon surface, it can promote π-π dispersion effects and decrease the influence from delocalized π molecules of the carbon surface. In addition, outgassing also increases the pH pzc value. The pH pzc of activated carbon directly decides its surface charge in the adsorption system, hence influencing π-π dispersion effects during the adsorption process. The pH pzc value of F600-OG is 9.25 while the pH pzc of OLC-OG is 10.68 (See Table 1 ). Therefore, the pH pzc value of F600-OG is closer to the pH of the adsorption system (pH ¼ 7), leading to less surface charge. That will increase the π-π dispersion effects between the carbon surface and BPA molecules to a certain extent. Therefore, the increasing extent of the adsorption capacity for BPA of F600-OG is more significant than that of OLC-OG. As shown in Figures 1 and 2 , the acid treatment considerably increases the adsorption capacity for BPA onto activated carbon. As seen in Table 1 , the BET surface area remained the same after tailoring. Therefore, the increase of adsorption capacity can be explained by the surface change of the chemical characteristics. Acid treatment significantly increases the surface total acidity (See Table 1 ). The existence of acidic functional groups on the activated carbon surface can increase the adsorption capacity for the target contaminant by increasing carbon hydrophilicity and bonding with water molecules. It can also increase adsorption capacity by forming hydrogen bonds with target phenolic compounds. For the acidic treatment, it can be seen that the adsorption of BPA onto activated carbon samples is significantly increased with increasing surface acidity, implying the acidic functional groups have positive effects on BPA adsorption. Therefore, this indicates the hydrogen bond theory is also the main adsorption mechanism. In contrast, alkaline treatment only slightly decreases the adsorption capacity of F600 and OLC by 8.81 mg/g and 39.29 mg/g, respectively. From Table 1 we can see that alkaline treatment leads to lower BET surface area and micropore volume. Therefore, based on the adsorption theory of π-π dispersion effects, the lower BET surface area will decrease the adsorption sites available to BPA molecules. The adsorption capacity for BPA on F600-Na and OLC-Na is less than for F600 and OLC.
The oligomerization phenomenon of BPA onto tailored activated carbon
Many studies have shown that the presence of molecular oxygen in the aqueous phase promotes chemical transformation, such as oligomerization of the adsorbed phenolic compounds onto the carbon surface. Dimers, trimers and tetramers of phenolic compounds in the solvent extracts of the used carbon have been identified (Yan et al. ) . Therefore the extent of oligomerization of BPA onto activated carbon samples was also evaluated. The information is very necessary for optimizing adsorption system design. The adsorption of BPA under both oxic and anoxic conditions on F600 and OLC are displayed in Figures 3 and 4 , respectively. It can be seen that the difference between anoxic and oxic conditions for BPA is highly significant. It can be seen that the adsorption capacity of F600 and F600-OG for BPA under oxic conditions increased significantly as compared to the anoxic data due to the presence of molecular oxygen (see Figure 3 ). However, the presence of molecular oxygen in the test environment did not have a tremendous impact on the adsorption capacity of OLC and OLC-OG for BPA (see Figure 4) .
A comparison of anoxic and oxic adsorptive capacity for BPA on the adsorbents studied at two equilibrium concentrations of 50 mg/L is shown in Table 3 . It can be seen that the differences between anoxic and oxic conditions achieved with F600 (35.2%) and F600-OG (27.3%) are highly significant as compared to OLC (22.2%) and OLC-OG (23.1%). This suggests that the oligomerization phenomenon of BPA occurs more easily on F600 and F600-OG in comparison to OLC and OLC-OG. The main reason for this distinct performance is that OLC and OLC-OG had significantly higher micropore percentages (84.1% and 84.7%) than F600 (53.7%) and F600-OG (54.3%). In the case of OLC and OLC-OG, forming larger stable oligomerized molecular products is much more difficult than for F600. For example, F600 and F600-OG have a broad PSD from 10 to 500 Å and oligomerization would not be constricted by that PSD. In contrast, OLC and OLC-OG have a narrow PSD. Therefore, it is just impossible for BPA to form high-degree oligomerization products. This is consistent with the findings of Yan & Sorial () . Activated carbon with a higher micropore percentage presents an obvious smaller adsorption capacity difference between oxic and anoxic isotherms. As mentioned in many previous studies, economic use has been a major concern in GAC usage due to poor regeneration efficiency of activated carbon. The main reason for the drawback is that the presence of molecular oxygen in the aqueous phase promotes chemical transformation, such as oligomerization of the organic compounds absorbed onto the carbon surface. Therefore, based on this study, it can be seen that OLCbased tailored activated carbons with higher micropore volume mostly distributed in micropores is more suitable for BPA adsorption and used for hampering oligomerization in order to make activated carbon more cost-effective.
SUMMARY
The results obtained in this study with tailored coal-and wood-based carbons indicated that carbon surface chemical characteristics appear to play an important role in the adsorption of PPCPs. It was found that increasing surface acidity increases hydrophilicity and hydrogen bonding with BPA molecules. It is possible to increase surface acidity by acidic treatment of the carbon. This approach, as demonstrated in this study, may result in a significant increase in the uptake of BPA. Compared with the other six tested carbons, F600-A and OLC-A represented the best adsorption capacity and the q e were 346.42 and 338.55 mg/g, respectively. In addition, the adsorption capacity for BPA onto various modified carbons indicated that the surface charge density of carbons was also the main factor to affect BPA adsorption.
It was also observed that there is a significant oligomerization phenomenon for BPA on the surface of activated carbon. It was seen that the single solute adsorption on OLC and OLC-OG with a higher micropore percentage presents an obvious smaller adsorption capacity difference between oxic and anoxic isotherms than F600 and F600-OG, which have a lower micropore percentage. The narrow PSD of OLC and OLC-OG made them effective in hampering oligomerization of BPA onto the activated carbon surface. Therefore, OLC-based tailored activated carbons with higher micropore volume mostly distributed in micropores is more suitable for BPA adsorption and used for hampering oligomerization in order to make activated carbon more cost-effective.
